This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background: Multiple MicroRNAs (miRNAs) have been identified in the development and progression of osteosarcoma. However, the expression and roles of miR-212 in osteosarcoma remain largely undefined. Methods: Real-time PCR assays were used to detect the expression of miR-212 in human osteosarcoma tissues. MiR-212 mimics were introduced into MG63 and U2OS cells. Bioinformatic prediction was used to identify the potential targets of miR-212. Protein expression analysis, luciferase assays and rescue assays were used to confirm the substrate of miR-212. Results: miR-212 was significantly down-regulated in human osteosarcoma tissues, compared with adjacent normal tissues. Introduction of miR-212 mimics into MG63 and U2OS cells inhibited cell proliferation and invasion. Besides, miR-212 overexpression could also inhibit tumor growth in the nude mice. Additionally, bioinformatic prediction suggested that the sex-determining region Y-box 4 (Sox4) is a target gene of miR-212. Sox4 inhibition phenocopied the roles of miR-212, while restored expression of Sox4 dampened miR-212-mediated suppression of tumor progression. Conclusion: The miR-212/ Sox4 interaction plays an important role of in the osteosarcoma progression.
Introduction
Osteosarcoma is the most frequent malignant bone tumor in children and young adults, with a peak incidence at the age of 15-19 years [1, 2] . Therefore, to identify novel mechanisms may help to develop effective strategies for the diagnosis, treatment and prognosis of osteosarcoma.
MicroRNAs (miRNAs), a class of small non-coding RNA molecules, play pivotal roles in variety of biological events, including development, cell proliferation and differentiation [3] [4] [5] . Previous studies have shown that multiple miRNAs are differentially expressed in human cancers, including osteosarcoma [6] [7] [8] , providing new insights into the complex genetic mechanisms of cancer progression. For instance, miR-16 was shown to inhibit cell proliferation by targeting IGF1R and the Raf1-MEK1/2-ERK1/2 pathway in osteosarcoma [9] , while miR-802 promoted osteosarcoma cell proliferation by down-regulation of cellcycle inhibitor, p27 [10] .
It has been shown that miR-212 inhibited proliferation of gastric cancer by directly repressing retinoblastoma binding protein 2 [11] . Besides, miR-212 inhibited cell proliferation and induced cellular senescence in hepatocellular carcinoma through suppression of histone demethylase retinoblastoma binding protein 2 [12] . Moreover, miR-212 displayed tumor-promoting properties in non-small cell lung cancer cells by targeting the hedgehog pathway receptor PTCH1 [13] . However, until now, the biological functions of miR-212 in osteosarcoma remain unknown.
In the present study, we found that miR-212 was significantly down-regulated in osteosarcoma tissues, and further revealed that overexpression of miR-212 potently inhibited osteosarcoma progression in vitro and in vivo.
Materials and Methods
Clinical tissue samples 28 pairs of osteosarcoma tissues and adjacent normal tissues were collected from routine therapeutic surgery at our department. All samples were obtained with informed consent and approved by the hospital institutional review board.
Cell culture
Osteosarcoma cell lines (MG63 and U2OS cells) were purchased from American Type Culture Collection (Rockville, MD, USA). Cells were culture in RPMI 1640 medium (GIBCO, Shanghai, China) supplemented with 10% fetal bovine serum (GIBCO). Cultures were incubated at 37°C with 5% CO2 in a humidified incubator.
RNA isolation and quantitative real-time PCR
Total RNA from tissue samples and cell lines was harvested using the RNA Isolation Kit (Ambion, USA). Expression of mature miRNAs was assayed using Taqman MicroRNA Assay (Applied Biosystems) specific for hsa-miR-212. Quantitative real-time PCR was performed by using an Applied Biosystems 7900 Realtime PCR System and a TaqMan Universal PCR Master Mix. All the primers were obtained from the TaqMan miRNA Assays. Small nuclear U6 snRNA (Applied Biosystems) was used as an internal control. Differences in gene expression, expressed as fold-changes, were calculated using the 2 -ΔΔCt method.
miR-212 mimics, antisense and transfection
Human miR-212 mimics, antisense or negative controls were obtained from Genepharm Company (Shanghai). For transfection, cells were cultured in a 6 well plate and transiently transfected at 70-80% confluence using the LipofectamineTM 2000 reagent (Invitrogen, CA, USA) as per the manufacturer's instructions.
BrdU and cell invasion assays
A cell proliferation enzyme-linked immunosorbent assay (BrdU kit; Beyotime) was used to analyze the incorporation of BrdU during DNA synthesis following the manufacturer's protocols. All experiments were performed in triplicate. Absorbance was measured at 450 nm in the Spectra Max 190 ELISA reader (Molecular Devices, Sunnyvale, CA). For cell invasion assays, cells were analyzed using extracellular matrixcoated invasion chambers (Millipore, CA, USA), and quantitated with a colorimetric microplate reader at 570 nm, according to the manufacturer's instructions. 
Tumor growth assay
Male BALB/c nude mice aged 4 weeks were purchased from Shanghai Laboratory Animal Company (SLAC, Shanghai). 2.5x10 5 MG62 cells stably expressing miR-212 or negative control were injected subcutaneously to the skin under the front legs of the mouse. The mice were observed over 4weeks for tumor formation. After the mice were sacrificed, the tumors were recovered and the wet weights of each tumor were determined.
Western blot
Cells or tissues were harvested and lysed with lysis buffer (150mM NaCl, 50mM Tris-HCl, 1% NP-40, pH7.5). Proteins were quantified and separated by 8% SDS-Agarose gel, transferred to NC membrane (Amersham Bioscience, Buckinghamshire, U.K.). After blocking with 10% nonfat milk in PBS, membranes were immunoblotted with antibodies as indicated, followed by HRP-linked secondary antibodies (Cell Signaling). The signals were detected by SuperSignal West Pico Chemiluminescent Substrate kit (Pierce, Rockford, IL) according to manufacturer's instructions. Anti-SOX4 antibody was purchased from Abcam Company (USA). Protein levels were normalized to total GAPDH, using a mouse anti-GAPDH antibody (Santa Cruz, USA).
Luciferase reporter assay 3'-UTR of human SOX4 gene that were predicted to interact with miR-212 were synthesized and inserted into pMir-Report (Ambion, USA), yielding pMir-Report-SOX4. Mutations within potential miR-212 binding sites were generated by nucleotide replacement of wild type sequence to inhibit miR-212 binding. Cells were transfected with the pMir-Report vectors containing the 3'-UTR variants, and miR-212 mimics for 36 hours. The pRL-SV40 vector (Promega, USA) carrying the Renilla luciferase gene was used as an internal control to normalize the transfection efficiency. Luciferase values were determined using the DualLuciferase Reporter Assay System (Promega).
Statistics
Data are expressed as the mean ± SEM from at least four separate experiments. Differences between groups were analyzed using Student's t-test or ONE Way ANOVA analysis. A value of p < 0.05 was considered statistically significant.
Results

Down-regulation of miR-212 in osteosarcoma tissues
Firstly, we analyzed the expression of miR-212 in 28 pairs of human osteosarcoma tissues and pair-matched adjacent noncancerous tissues. As shown in Figure 1 , results from real-time PCR analysis showed that miR-212 was significantly down-regulated in osteosarcoma tissues in comparison with the adjacent normal tissues (Fig. 1) . (Fig. 2C-2D) . In agreement, cell-cycle analysis revealed that miR-212 overexpressing cells had a significantly increased percentage of cells in the G1/G0 phase and lower percentage of cells in the S phase, compared to negative control-transfected cells (Fig. 2E-2F ). Moreover, we discovered that ectopic expression of miR-212 mimics inhibited the invasion of both cells (Fig. 2G-2H ). In addition, MG63 and U2OS cells were further transfected with miR-212 antisense. As expected, we found that miR-212 antisense promoted the growth and invasion of osteosarcoma cells, compared to negative controls (Fig. 3A-3F ). Taken together, our results indicate that miR-212 could suppress cell proliferation and invasion in osteosarcoma in vitro.
miR-212 overexpression inhibits tumor growth in vivo
To further determine the roles of miR-212, MG63 cells with stable overexpression of miR-212 mimics were generated and injected subcutaneously to the skin under the front legs of the nude mice. The tumor growth was closely monitored for another 4 weeks. As a result, the tumor size, volume and weight were markedly reduced in miR-212-overexpressed tumors compared to control tumors (Fig. 4A-4C ), suggesting that miR-212 could also suppress tumor growth in vivo.
miR-212 directly targets the SOX4 in osteosarcoma cells
To clarify the anti-proliferative roles of miR-212, we aimed to identify its regulated targets through bioinformatics software (TargetScan). Among which, we found that the gene encoding sex-determining region Y-box 4 (SOX4) harbored a potential miR-212 binding site (Fig. 5A) . Therefore, the 3'-untranslated region (UTR) of SOX4 gene was cloned and inserted into a luciferase reporter construct. Overexpression of miR-212 led to a reduction of luciferase activity carrying the wild-type 3'UTR (Fig. 5B) . However, mutation of the potential miR-212 (Fig. 5B) . Moreover, transfection of miR-212 mimics in osteosarcoma cells resulted in a reduced SOX4 protein expression (Fig.  5C-5D ). Besides, protein levels of SOX4 in tumors from nude mice were also reduced by miR-212 overexpression (Fig. 5E) . In agreement, a dramatic up-regulation of SOX4 was observed in MG63 and U2OS cells with miR-212 inhibition (Fig. 5F-5G ). Therefore, our results suggest that SOX4 might be a target of miR-212 in osteosarcoma cells.
Knockdown of Sox4 showed similar effects with miR-212 overexpression
To determine the roles of Sox4 on osteosarcoma cell growth, MG63 cells were transfected with two small interfering RNA (siRNA) oligos targeting Sox4 or negative controls (NC) (Fig. 6A) . As expected, knockdown of Sox4 inhibited the proliferation and invasion of MG63 cells (Fig. 6B-6C ), suggesting that ablation of Sox4 photocopies the effects of miR-212 overexpression.
SOX4 re-introduction reversed the anti-proliferative roles of miR-212
To further verify the functional connection between miR-212 and SOX4, MG63 cells were transfected with SOX4 expression plasmids after transfection of miR-212 mimics (Fig.  7A) . As shown in Figure 7B and 7C, SOX4 re-introduction reversed the anti-proliferative roles of miR-212, underlining the specific importance of the SOX4 for miR-212 action in the cell proliferation and invasion.
Discussion
In this study, we found that miR-212 expression is down-regulated in osteosarcoma tissues. Forced overexpression of human miR-212 mimics was able to inhibit, while its antisense promoted cell proliferation and invasion in osteosarcoma cells. Besides, the antiproliferative roles of miR-212 were further confirmed in the nude mice. Therefore, our data suggest that miR-212 might be a tumor suppressor in the development and progression of osteosarcoma. However, until now, the mechanisms for the down-regulation of miR-212 remain unknown. Incoronato M et al. reported that histone modifications could regulate miR-212 levels in lung cancer cells [14] . Therefore, we will further investigate whether epigenetic regulation could be involved in the regulation of miR-212 expression in osteosarcoma.
At the molecular level, our results revealed that SOX4 was a direct target of miR-212 in osteosarcoma cells. Recent studies have demonstrated that Sox4 might be an important oncogene contributing to tumor progression [15] . This is suggested by multiple lines of evidence. First, its expression was significantly elevated in multiple human cancers, including tumors of the lung, breast and prostate [16] [17] [18] . Second, its overexpression was closely correlated with tumor progression and metastasis [19, 20] . Third, Sox4 was shown to regulate several key signaling pathways in cancer cells. For instance, Sox4 could regulate β-catenin/T-cell factor activity and act as an agonist of Wnt signaling in colon cancer [21] . Besides, Sox4 interacted with p53 and inhibits p53-mediated apoptosis in hepatocellular carcinoma [22] . Here, we found that knockdown of Sox4 using siRNA oligos promoted the proliferation and invasion of osteosarcoma cells, suggesting that Sox4 may drive the initiation and (or) progression of osteosarcoma. Previous studies have revealed that protein levels of Sox4 were controlled by several miRNAs, such as miR-129-2, miR-138, miR-203 and miR-204 [23] [24] [25] [26] . Although the reason why multiple microRNAs regulate a single mRNA remains poorly understood until now, our study together with these reports add a novel mechanism for the up-regulation of Sox4 in human cancers. Therefore, understanding the regulatory mechanism by miR-212/Sox4 axis might advance our knowledge of osteosarcoma biology, which will help to identify novel gene therapies for its treatment.
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